Oncolytic adenovirus-mediated suicide gene therapy has been shown to improve local tumor control in preclinical tumor models and in the clinic. Although local tumor control is important, for most human cancers, new therapies must also target metastatic disease if they are to have an impact on survival. Here, we test the hypothesis that adding cytokine gene therapy to our multimodal platform improves both local and metastatic tumor control in a preclinical model of prostate cancer. An oncolytic adenovirus (Ad5-yCD/mutTK SR39 rep-mIL12) expressing two suicide genes and mouse interleukin-12 (IL-12) was generated. Relative to an adenovirus lacking IL-12 (Ad5-yCD/mutTK SR39 rep), Ad5-yCD/mutTK SR39 rep-mIL12 improved local and metastatic tumor control in the TRAMP-C2 prostate adenocarcinoma model, resulting in a significant increase in survival. Ad5-yCD/mutTK SR39 rep-mIL12 resulted in high levels of IL-12 and interferon gamma in serum and tumor, increased natural killer (NK) and cytotoxic T-lymphocyte lytic activities, and the development of tumor-specific antitumor immunity. Immune cell depletion studies indicated that both the innate and adaptive arms of immunity were required for maximal Ad5-yCD/mutTK SR39 rep-mIL12 activity. The results demonstrate that the addition of IL-12 significantly improves the efficacy of oncolytic adenovirus-mediated suicide gene therapy and provide the scientific basis for future trials targeting locally aggressive cancers.
INTRODUCTION
Prostate cancer is the second leading cause of cancer death in men in the United States, and B28 000 men were estimated to die from it in 2012. In men requiring definitive treatment, surgery or radiation therapy result in excellent disease-free survival when the cancer is confined to the prostate (Stage T1/T2) and lacks aggressive features (for example, Gleason scorep7). 1 If cancer is found outside the prostate or exhibits aggressive features (Gleason scoreX8), surgery or radiation therapy alone are not sufficient for effective disease control and they must be combined together or with other therapies (that is, hormone therapy) to reduce the risk of further progression. If these therapies fail and the cancer recurs, it is largely incurable as contemporary salvage therapies such as hormone therapy only slow disease progression but do not eradicate it. Eventually, prostate cancer becomes refractory to hormone treatment and many men develop metastatic disease. Hence, as with most cancers, it is important to eradicate prostate cancer at its early stages when it is still largely localized and the metastatic burden, if any, is low.
We have developed a multimodal, gene therapy-based approach for the treatment of cancer. [2] [3] [4] [5] [6] [7] Our platform utilizes a replication-competent, oncolytic adenovirus to deliver a pair of therapeutic suicide genes to the tumor. The oncolytic adenovirus itself generates an antitumor effect by replicating in, and destroying, human cancer cells (oncolytic viral therapy). The therapeutic effect of the oncolytic adenovirus is enhanced by invoking two suicide gene systems (cytosine deaminase (CD)/5-fluorocytosine (5-FC) and herpes simplex virus thymidine kinase (HSV-1 TK)/valganciclovir (vGCV)), which render malignant cells sensitive to specific pharmacological agents (suicide gene therapy) and sensitize them to ionizing radiation (radiotherapy). The combined effects of these three modalities result in significant tumor cell destruction and release of tumor antigens, which, when coupled with the danger signal elicited by the adenovirus, may generate an environment that fosters tumor antigen processing and cross-presentation culminating in the generation of antitumor immunity (antitumor immunity).
We have examined the toxicity and efficacy of our multimodal approach in five clinical trials of non-metastatic prostate cancer. [8] [9] [10] [11] [12] [13] [14] [15] These studies have demonstrated that our approach is well tolerated and can improve local tumor control. In the locally recurrent setting following definitive radiotherapy, approximately half of the men who received the gene therapy exhibited a significant slowing of tumor (biochemical) progression, which delayed by B2 years when salvage hormone therapy was indicated. A follow-up retrospective analysis at 9 years has led to the hypothesis that our multimodal approach may improve disease-specific survival. 15 When combined with prostate radiotherapy in the newly diagnosed setting, betterthan-expected 2-year negative biopsy results were obtained in men with intermediate-risk (Gleason 7 or prostate specific antigen 10-20 ng ml À 1 ) features, which have been recently confirmed in a randomized, controlled phase 2 trial. Our clinical results demonstrate that oncolytic adenovirus-mediated suicide gene therapy is safe, and raise the possibility that it may have the potential to improve disease control in two settings (locally recurrent and newlydiagnosed with radiotherapy) of prostate cancer.
Although local tumor control is important, for most human cancers, new therapies must also target metastatic disease if they are to have an impact on overall survival. Hence, we have added a new modality to our multimodal approach by generating a thirdgeneration adenovirus (Ad5-yCD/mutTK SR39 rep-IL12) armed with interleukin-12 (IL-12) that has the potential to impact both local and metastatic disease. IL-12 has an essential role in the interaction between innate and adaptive immunity. [16] [17] [18] It is normally produced by phagocytes (monocytes/macrophages and neutrophils) and dendritic cells in response to pathogens, and directly activates cells of the innate (NK and NK-T cells) and adaptive (CD4 þ and CD8 þ cells) arms of immunity. IL-12 helps to prime T cells and increases their survival, promotes Th1 differentiation, enhances T cell, NK cell and NK-T-cell effector functions, and induces the secretion of interferon gamma (IFN-g), which mediates many of IL-12's antitumor effects. IFN-g acts directly on tumor cells, as well as stromal and endothelial cells, within the tumor microenvironment. IFN-g signaling results in (1) increased major histocompatibility complex class I processing and presentation (enhancing recognition of tumor by T cells); (2) induction of chemokines (IP-10 and MIG) that may recruit innate and adaptive immune effectors, which in turn lead to (3) alterations in extracellular matrix remodeling, including inhibition of matrix metalloproteinase expression, which reduces angiogenesis and tumor invasion; and (4) decreased expression of adhesion molecules by endothelial cells that may further limit angiogenesis. Hence, the rationale behind IL-12 immunotherapy lies in its ability to induce IFN-g expression, promote immune cell survival and activation, enhance productive antigen presentation and inhibit tumor angiogenesis.
In preparation for a phase 1 trial, we have examined the efficacy of Ad5-yCD/mutTK SR39 rep-mIL12 (expressing murine IL-12) in an immunocompetent, preclinical model of prostate cancer. The results demonstrate that the addition of IL-12 to our multimodal therapeutic platform significantly improves local as well as metastatic tumor control.
RESULTS
In vitro characterization of oncolytic adenovirus expressing suicide and IL-12 genes An oncolytic adenovirus (Ad5-yCD/mutTK SR39 rep-mIL12) containing a yeast CD/mutant HSV-1 TK SR39 fusion gene (yCD/mutTK SR39 ) in the E1 region and a single-chain murine IL-12 gene in the E3 region was constructed (Figure 1 ). Ad5-yCD/mutTK SR39 rep-mIL12 is a third-generation adenovirus based on our therapeutic platform that has been well characterized in preclinical models and in the clinic. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Ad5-yCD/mutTK SR39 rep-mIL12 cytolytic activity was quantified using human DU145 prostate adenocarcinoma cells as targets and compared with wild-type Ad5 (wtAd5). DU145 cells were infected with varying amounts of adenovirus and cell kill was quantified 7 days later. Ad5-yCD/mutTK SR39 rep-mIL12 resulted in 50% cell kill at a multiplicity of infection (MOI) of B1 plaqueforming unit (PFU) per cell, and complete cell kill was observed at an MOI of 10 PFU per cell ( Figure 2 ). As expected, Ad5-yCD/ mutTK SR39 rep-mIL12 cytolytic activity is attenuated relative to wtAd5, owing to the fact that it lacks both the 55 kDa E1B and adenovirus death protein genes.
Expression and function of the yCD/mutTK SR39 fusion gene was quantified using mouse TRAMP-C2 prostate adenocarcinoma cells as targets and compared with a similar adenovirus lacking IL-12 (Ad5-yCD/mutTK SR39 rep) and wtAd5. Mouse TRAMP-C2 cells are resistant to the cytolytic action of human adenoviruses and, hence, the cell kill observed is due only to the suicide gene systems. TRAMP-C2 cells were infected with adenovirus, exposed to increasing concentrations of 5-FC or GCV, and cell kill was quantified 7 days later. Both 5-FC and GCV killed Ad5-yCD/ mutTK SR39 rep-mIL12-and Ad5-yCD/mutTK SR39 rep-infected cells in a prodrug concentration-dependent manner ( Figure 3) . Two (5-FC) to three (GCV) logs of cell kill were observed at the highest prodrug concentrations examined (100 mg ml À 1 5-FC and 1.0 mg ml À 1 GCV), both of which are achievable in humans following administration of FDA-recommended doses. As expected, 5-FC and GCV generated no cell kill with wtAd5, which lacks the yCD/mutTK SR39 fusion gene.
Production untreated. A disadvantage of this model is that mouse cells do not support the productive replication of human adenoviruses (that is, they do not produce a significant viral burst), although they do support adenoviral DNA replication. 21 However, there are no prostate cancer models available that are both immunocompetent and permissive for human adenovirus replication. Moreover, we have already established the safety and potential efficacy of our oncolytic adenovirus platform in immunodeficient animals and immunocompetent humans. Table 1 .
Ad5-yCD/mutTK SR39 rep-mIL12 treatment resulted in a rapid regression of the primary tumor (measured in subcutaneous model and palpable in orthotopic model). In the subcutaneous model, complete regression of the primary tumor was observed by day 10 in many animals. Median survival of animals treated with Ad5-yCD/mutTK SR39 rep-mIL12 alone was significantly greater than Ad5-yCD/mutTK SR39 rep (and saline) in both tumor models (Po0.05, log rank test). Implementation of the suicide gene systems improved survival further, and median survival was not reached in either model. When the studies were terminated, 80 (subcutaneous) and 70% (orthotopic) of animals treated with Ad5-yCD/mutTK SR39 rep-mIL12 þ 5-FC þ GCV were tumor free (primary and metastatic) compared with 0% in both the Ad5-yCD/ mutTK SR39 rep-and saline-treated groups. Animals were examined for the presence of metastases at necropsy. On average (combining without and with prodrug groups), Ad5-yCD/ mutTK SR39 rep-mIL12 resulted in an 80% reduction in spontaneous metastases relative to Ad5-yCD/mutTK SR39 rep. The results demonstrate that the addition of IL-12 to our therapeutic platform improves both local and metastatic tumor control and extends survival.
Immune responses IL-12 and its major mediator, IFN-g, were measured in serum and tumors following the adenovirus injection. IL-12 and IFN-g levels increased with Ad5-yCD/mutTK SR39 rep-mIL12 dose, peaked on day 4 (except for IFN-g in tumor at 1 Â 10 9 PFU), and declined thereafter ( Figure 6 ). At the maximum tolerated dose (MTD) of 5 Â 10 8 PFU (Ad5-yCD/mutTK SR39 rep-mIL12), mean IL-12 concentrations were 15 500 pg ml À 1 in serum and 1200 pg mg À 1 in tumor on day 4. This serum IL-12 concentration is similar to that observed in a phase 1 study in which patients with advanced cancer were administered recombinant human IL-12 (rhIL-12) systemically (at MTD of 500 ng kg À 1 , peak serum IL-12 levels were 6000-20 000 pg ml À 1 ). 22 IFN-g concentrations were 5100 pg ml
in serum and 500 pg mg À 1 in tumor on day 4, the former of which is similar to that observed in the same phase 1 study (at the MTD of 500 ng kg À 1 , peak serum IFN-g levels were o6000 pg ml À 1 ). 22, 23 Hence, intratumoral administration of Ad5-yCD/mutTK SR39 rep-mIL12 results in serum IL-12 and IFN-g concentrations similar to those following systemic administration of rhIL-12 at doses shown to be safe in humans.
IL-12 is known to activate both the innate and adaptive arms of immunity. Hence, natural killer (NK) and cytotoxic T-lymphocyte (CTL) cytolytic activities were quantified at various time points following the adenovirus injection. NK activity peaked 1-2 days after the adenovirus injection and returned to baseline levels by day 14 (Figure 7) . At its peak, NK cytolytic activity was B5-fold higher in the Ad5-yCD/mutTK SR39 rep-mIL12 versus Ad5-yCD/ mutTK SR39 rep-treated group. CTL activity peaked later (day 7) and was B3-fold higher in the Ad5-yCD/mutTK SR39 rep-mIL12 versus Ad5-yCD/mutTK SR39 rep-treated group (Figure 8) . Implementation of the yCD and HSV-1 TK SR39 enzyme/prodrug systems (that is, treating animals with prodrugs) had no effect on NK or CTL cytolytic activity (data not shown). Tumor sections were stained for CD4 þ and CD8 þ cells, and infiltrates were quantified. On day 7, Ad5-yCD/mutTK SR39 rep-mIL12 resulted in a 1.9-and 3.1-fold increase in tumor-associated CD4 þ and CD8 þ cells, respectively, relative to Ad5-yCD/mutTK SR39 rep (Figure 9 ).
To ascertain which lymphocyte subset was responsible for IL-12's antitumor activity, immune cell depletion studies were performed. Animals were injected with anti-NK/NKT, anti-CD4 or anti-CD8 antibodies, and the effect on Ad5-yCD/mutTK SR39 repmIL12's antitumor activity was examined. Depletion of all immune cell subtypes reduced Ad5-yCD/mutTK SR39 rep-mIL12's antitumor activity. When the study was terminated on day 90, all animals depleted of NK/NKT, CD4 or CD8 cells had measurable primary tumors and the majority had metastases ( Table 2 ). Relative to the Ad5-yCD/mutTK SR39 rep-mIL12 þ control immunoglobulin G (IgG) group, primary tumors in all immunodepleted groups grew more rapidly, and animals depleted of NK/NKT cells exhibited the shortest median survival. To ascertain whether Ad5-yCD/ mutTK SR39 rep-mIL12 induced tumor-specific antitumor immunity, the 14 tumor-free animals in the Ad5-yCD/mutTK SR39 rep-mIL12 þ control IgG group were re-challenged with TRAMP-C2 cells (n ¼ 7) or syngeneic B16-F10 melanoma cells (n ¼ 7), and animals were monitored for an additional 60 days for tumor development. All seven (100%) animals challenged with B16-F10 cells developed large tumors versus one of seven (14%) animals challenged with TRAMP-C2 cells.
DISCUSSION
We demonstrate that IL-12 significantly improves the therapeutic efficacy of an oncolytic adenovirus in a preclinical model of prostate cancer. Ad5-yCD/mutTK SR39 rep-mIL12 alone improved local tumor control, which was accompanied by high IFN-g expression in tumor and increased NK and CTL cytolytic activities. Implementation of the CD/5-FC and HSV-1 TK/GCV enzyme/ prodrug systems improved local tumor control further. Although local tumor control is important, new therapies must also target metastatic disease if they are to have an impact on survival. Ad5-yCD/mutTK SR39 rep-mIL12 also improved metastatic tumor control and was accompanied by the development of tumorspecific antitumor immunity. The results provide the scientific basis for future clinical trials that will examine the toxicity and efficacy Ad5-yCD/mutTK SR39 rep-hIL12 (expressing human IL-12) in multiple cancer settings.
The rationale for selecting IL-12 as a therapeutic modality over other cytokines stems from the fact that it stimulates both the innate and adaptive arms of immunity. As shown here and by others, [17] [18] [19] [20] [24] [25] [26] [27] [28] [29] IL-12 stimulates both NK and CTL cytolytic activity albeit the basis for IL-12's antitumor activity is complex and varies with tumor model, dose and regimen of IL-12 administration. 30 In the TRAMP model, intratumoral administration of Ad5-yCD/mutTK SR39 rep-mIL12 led to rapid regression of the primary tumor that coincided with high NK and CTL activity. Both the innate (NK/NKT) and adaptive (CD4/CD8) arms of immunity were required for maximal activity, although the innate arm had a greater impact on primary tumor growth rate and median survival. One issue not addressed directly here is whether the observed suppression of spontaneous metastases following Ad5-yCD/mutTK SR39 rep-mIL12 administration was due to local (that is, eradication of primary tumor before metastases could develop) or distal effects. The fact that 50% of animals treated with Ad5-yCD/mutTK SR39 rep-mIL12 alone whose primary tumor reached 2000 mm 3 in the subcutaneous model did not develop metastases, whereas 100% of animals treated with Ad5-yCD/mutTK SR39 rep did, indicates that IL-12 exerts distal ) were injected intratumorally with saline, Ad5-yCD/mutTK SR39 rep (5 Â 10 8 PFU) or Ad5-yCD/ mutTK SR39 rep-mIL12 (5 Â 10 8 PFU) on days 0, 4 and 7 (arrowheads). Prodrug-treated groups were administered 5-FC þ GCV for 2 weeks beginning on day 11 (hatched bar). Animals were killed when tumors reached 2,000 mm 3 or when animals became moribund (defined as survival). The study was terminated on day 90. (b) Ad5-yCD/mutTK SR39 rep-mIL12 antitumor activity in orthotopic model. C57BL/6 male mice bearing intraprostatic TRAMP-C2 tumors were injected intratumorally with saline, Ad5-yCD/mutTK SR39 rep (5 Â 10 8 PFU) or Ad5-yCD/mutTK SR39 rep-IL12 (5 Â 10 8 PFU) on day 0 (arrowhead). Prodrug-treated groups were administered 5-FC þ GCV for 2 weeks beginning on day 2 (hatched bar). Animals were followed until death or killed when they became moribund (defined as survival). The study was terminated on day 60. effects. Our observations are consistent with those of others who demonstrated directly that IL-12 can reduce pre-existing metastases in preclinical tumor models. 20, [24] [25] [26] [27] The observation that Ad5-yCD/mutTK SR39 rep-mIL12 induced tumor-specific antitumor immunity supports the thesis that it can exert distal effects and adds to the growing body of evidence that combining oncolytic viral therapy with immunotherapy has much merit. [31] [32] [33] [34] [35] A second issue not addressed here is the toxicity of administering Ad5-yCD/mutTK SR39 rep-mIL12 locally (that is, intratumorally). When administered systemically, IL-12 has resulted in significant toxicity in the clinic including two deaths in a phase 2 trial of renal cell carcinoma. 23 Follow-up studies indicated that these deaths were likely due to repeated IL-12 administration, resulting in high, toxic IFN-g concentrations in serum. At the MTD of 500 ng kg À 1 , peak serum IFN-g concentration wereo6000 pg ml ), which resulted in a mean serum IFN-g concentration of 5100 pg ml À 1 (day 4). This serum IFN-g concentration is within the range found to be safe in humans. In future clinical trials, we propose to administer Ad5-yCD/ mutTK SR39 rep-hIL12 at doses of 1 Â 10 10 to 1 Â 10 12 vp (1.25 Â 10 8 to 1.25 Â 10 10 vp kg À 1 ), which, on a weight basis, is 40-to 4000-fold lower than those administered to the mice here. Moreover, patients will receive only one local (that is, intratumoral) injection of Ad5-yCD/mutTK SR39 rep-hIL12. Preliminary results of an IND-directed toxicology study in C57BL/6 mice indicate that the planned Ad5-yCD/mutTK SR39 rep-IL12 dose levels to be used in humans are associated with little toxicity when the adenovirus is administered intraprostatically (unpublished data). Nonetheless, owing to the potential toxicity of IL-12, it will be important to dose escalate carefully in the clinic.
Although IL-12 has demonstrated promising antitumor activity in preclinical models, its efficacy in the clinic has been disappointing thus far witho10% of patients with solid tumors exhibiting an objective response. 17 The reason(s) for this poor performance in the clinic is unknown but may be related, in part, to the manner in which IL-12 was administered. In most clinical studies to date, IL-12 has been administered intravenously, subcutaneously or intraperitoneally, which results in low levels of IL-12 and IFN-g in tumor. Recent studies have indicated that the basis for IL-12's antitumor activity may be due to its ability to reverse tumor immune evasion mechanisms and remodel the tumor microenvironment. Local production of IL-12 promotes the elimination of resident (that is, intratumoral) CD4 þ CD25 þ suppressor cells and triggers programmatic changes in resident, myeloid-derived professional antigen-presenting cells generating a localized, activated inflammatory state. 28, 29 This is accompanied by infiltration and activation of tumor-associated T-effector/ memory cells and collapse of the tumor vasculature. Hence, it may be important that IL-12-based therapies, such as Ad5-yCD/mutTK SR39 rep-hIL12, be administered locally (that is, intratumorally) in the clinic so that high local concentrations of IL-12 and IFN-g are achieved in tumor. Intratumoral administration of Ad5-yCD/mutTK SR39 rep-hIL12 should also minimize the dose-limiting, and sometimes fatal, toxicity that is observed when IL-12-based therapies are administered systemically. 23 Our current therapeutic platform, which combines oncolytic adenoviral therapy with suicide gene therapy and radiation therapy, has been administered to over 100 patients and has proven to be safe when administered locally. Results from a recently completed randomized, controlled phase 2 trial ) prostate cancer. Based on the results presented here, it is our hope and expectation that the addition of IL-12 will improve local tumor control further and possibly eradicate cancer that has disseminated beyond the prostate. Patients with newly diagnosed, high-risk or locally recurrent disease after definitive therapy would be ideal candidates to evaluate the toxicity/efficacy of Ad5-yCD/mutTK SR39-rep-hIL12.
MATERIALS AND METHODS

Cell lines and animals
DU145, TRAMP-C2, B16-F10, and YAC-1 cells were obtained from the American Type Culture Collection (Manassas, VA, USA). AD293 cells were obtained from Agilent Technologies (Santa Clara, CA, USA). All cell lines were cultured as per the supplier's recommendations. Male C57BL/6 mice (age 6-8 weeks) were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and maintained in a pathogen-free facility. Animal studies were approved by the Institutional Animal Care and Use Committee.
Generation of Ad5-yCD/mutTK SR39 rep-mIL12
Ad5-yCD/mutTK SR39 rep-mIL12 contains a yeast CD/mutant HSV-1 TK SR39 fusion gene (yCD/mutTK SR39 ) in the E1 region and a single-chain murine IL-12 gene in the E3 region. Both the yCD/mutTK SR39 fusion gene and IL-12 genes are under the transcriptional control of the human cytomegalovirus (CMV) promoter. Construction of the left-end vector (pCA14-yCD/ mutTK SR39 ) containing the yCD/mutTK SR39 fusion gene has been described previously. 6 The right-end vector containing the single-chain murine IL-12 expression cassette was generated by PCR using pORF-mIL12 p40:p35 (InvivoGen; San Diego, CA, USA) as template. The 1.6-kb IL-12-coding sequence from pORF-mIL12 p40:p35 was cloned between the CMV promoter and SV40 polyadenylation sites in pCA14 (Microbix; Mississauga, Ontario, Canada). The entire CMV-mIL12-SV40 polyA expression cassette was then cloned into the SwaI and PacI sites of pBGH8k generating pBGH8k-mIL12. pBGH8k is a modified version of pBGH10 (Microbix) that contains SwaI and PacI sites in the E3 region to facilitate directional cloning. To generate adenovirus, PvuI-linearized pCA14-yCD/mutTK SR39 and ClaI-linearized pBGH8k-mIL12 were co-transfected into AD293 cells. Plaques were subjected to two plaque purifications, and adenovirus was characterized extensively in vitro. Adenoviruses were propagated in AD293 cells and purified by ion-exchange filtration (Adenopure, Puresyn Inc.; Malvern, PA, USA). The integrity of the yCD/mutTK SR39 fusion gene and mIL12 expression cassettes was confirmed by DNA sequencing and found to match the predicted sequence. All adenoviruses used in these studies had vp:PFU ratios of 10-20. The Ad5-yCD/mutTK SR39 rep-mIL12 genome has been stable over many passages and there has been no evidence of recombination between the two CMV promoters.
In vitro assays
Cytopathic effect (CPE) and prodrug sensitivity assays were performed in triplicate as described previously. cells per dish, 60 mm dish) were infected at a MOI of 30 at 37 1C for 1 h. The next day, cells were detached by trypsinization and replated (2 Â 10 4 cells per well, 24-well plate) in varying concentrations of 5-FC or GCV. The media containing prodrugs was changed every 2 days thereafter. When CPE and prodrug sensitivity assays were terminated, duplicate plates were stained with crystal violet and cell viability was quantified using the CytoTox 96 non-radioactive cytotoxicity assay (Promega; Madison, WI, USA). IL-12 production was determined by ELISA (Quantikine; R&D Systems, Minneapolis, MN, USA). Cells (2 Â 10 5 cells per well, six-well plate) were infected in triplicate at an MOI of 10 at 37 1C for 1 h. The media was replaced and 100 ml of media was removed every 24 h for ELISA.
In vivo tumor studies TRAMP-C2 cells (5 Â 10 6 ) were implanted subcutaneously (right flank) or intraprostatically (dorsolateral lobe) in 6-week-old male C57BL/6 mice as described previously. 5 Treatment was initiated at 4 (intraprostatic) to 6 (subcutaneous) weeks later. Tumors were injected with saline or adenovirus as indicated in the figures and described in the figure legends. The maximum tolerated Ad5-yCD/mutTK SR39 rep-mIL12 dose that resulted in no animal deaths was determined to be 5 Â 10 8 PFU. Prodrugs (5-FC: 500 mg kg À 1 per day; GCV: 10 mg kg À 1 per day; 1 ml) were administered intraperitoneally for 2 weeks as indicated in the figures. In the subcutaneous model, tumor growth was monitored three times per week. Tumor volume was calculated using the formula length Â width 2 /2. Animals were killed when the tumor volume reached 2000 mm 3 or animals became moribund (defined as survival). In the intraprostatic model, animals were followed until death or killed when they became moribund. Animals underwent a complete necropsy at death. The following observations were recorded: (1) animal weight, (2) size of the primary tumor, if any, (3) location and presence of gross metastatic lesions following fixation, and (4) gross condition of all major organs except brain. The vast majority of metastases were located in the axillary (subcutaneous model), iliac (orthotopic model) or inguinal (subcutaneous and orthotopic models) lymph nodes, kidneys (orthotopic model) and lungs (subcutaneous and orthotopic models). For immunodepletion studies, mice bearing subcutaneous TRAMP-C2 tumors were injected intraperitoneally with 250 mg control rat IgG, anti-CD122 antibody TMb1, anti-CD4 antibody GK1.5 or anti-CD8 antibody 53-6.7 (BD Biosciences Pharmingen; San Diego, CA, USA), 1 day before the adenovirus injection and every third day thereafter for a total of five injections. Depletion was verified by FACScan analysis of peripheral blood cells and found to be495% depleted in all cases.
Immunological assays IL-12 and IFN-g production in serum and tumor was quantified by ELISA. Blood was drawn from the vena cava, allowed to clot for 2 h at room temperature and the clot was removed by centrifugation at 2000 Â g for 15 min Tumors were homogenized in buffer containing protease inhibitor cocktail and insoluble cellular debris was removed by centrifugation at 25 000 g for 30 min ELISA was performed on serum and clarified tumor supernatants. NK and CTL cytolytic assays were performed using YAC-1 (NK) and IFN-g-stimulated TRAMP-C2 (CTL) cells as targets. Animals were killed at various time points after the intratumoral adenovirus injection and spleenocytes were prepared using standard procedures. To generate CTL effector cells, spleenocytes (2 Â 10 7 cells per well) were incubated with g-irradiated TRAMP-C2 cells (1 Â 10 7 cells per well) for 5 days in medium containing 20 units per ml IL-2 and 30 mg ml À 1 transforming growth factor beta antibody. Target TRAMP-C2 cells were incubated with 100 units per ml IFN-g for 2 days before incubation with spleenocytes. For both NK and CTL assays, spleenocytes were incubated with target cells at varying effector:target (E:T) ratios in quadruplicate in 96-well round-bottom plates at 37 1C for 4 h. Controls included target cells only (target spontaneous), effector cells only (effector spontaneous) and lysis of target cells with 5% SDS (target maximum). Following incubation, cells were pelleted by centrifugation at 250 g for 5 min and lactate dehydrogenase in the supernatant was measured using the CytoTox 96 non-radioactive cytotoxicity assay (Promega). Specific lysis was calculated using the formula ((experimental À effector spontaneous À target spontaneous)/ (target maximum À target spontaneous)) Â 100. Quantification of CD4 and CD8 tumor infiltrates was determined by immunohistochemistry. Animals were killed on various days after the adenovirus injection, and tumors were harvested, sectioned (5 mm) and stained with biotinconjugated anti-CD4 antibody GK1.5 or anti-CD8 antibody 53-6.7 (BD Biosciences Pharmingen, San Jose, CA, USA) followed by avidin-conjugated horseradish peroxidase and 3,3 0 -diaminobenzidine. Tissue specimens were counterstained with hematoxylin-eosin. Positive cells were identified visually at Â 20 magnification and quantified with the aid of image analysis software.
